Abstract
Introduction

44
The evolution of multicellularity is associated with individual cell-types being able to undertake 45 specialised roles within a tissue. In leaves, bundle sheath (BS) cells form a wreath-like structure 46 around the vasculature that appears analogous to the endodermis of roots (Esau, 1965 oxygenase activity of the enzyme and in so doing reduces photorespiration (Hatch, 1987) . Thus, in
53
C 4 species, the BS is specialized to allow efficient fixation of CO 2 in the Calvin-Benson-Bassham 54 cycle. In some C 4 plants, the BS is also modified in terms of light capture. For example, in maize and
55
sorghum Photosystem II does not fully assemble in the BS (Kubicki et al., 1994) but components of 56 cyclic electron transport are more abundant in the BS compared with mesophyll cells (Takabayashi 57 et al., 2005) . In addition to these changes associated with photosynthesis, the C 4 BS is also modified 58 to preferentially undertake starch synthesis and degradation, as well as the initial steps of sulphur 59 assimilation (Friso et al., 2004) .
60
In C 3 plants, the role of the BS is less clearly defined. It is thought to help maintain hydraulic 61 integrity of the xylem (Sade et al., 2014) , regulate flux of metabolites in and out of the leaf (Leegood,
62
2008) and act as a starch store (Miyake and Maeda, 1976) . The C 3 BS is less important for 63 photosynthesis than that of C 4 species. However, although only around 15% of all chloroplasts of 64 the C 3 leaf are found in bundle sheath cells (Kinsman and Pyke, 1998) , reducing photosynthesis in 65 these cells compromises growth and seed production (Janacek et al., 2009 (Aubry et al., 2014) . In summary, in both C 3 and C 4 plants mechanisms must operate
71
to restrict the expression of some genes to BS cells.
4
To date, most studies of the mechanisms responsible for preferential gene expression in the BS
73
have occurred in C 4 species (Hibberd and Covshoff, 2010) . In the C 4 dicotyledon Flaveria trinervia 74 the glycine decarboxylase P-subunit (GLDPA) gene contains two promoters, one proximal to the 75 coding region, and the other more distal. Activity of the distal promoter is high but not cell-type 76 specific. However, in the presence of the proximal promoter, transcripts derived from the distal 77 promoter are degraded in mesophyll cells by nonsense-mediated RNA decay of incompletely spliced 78 transcripts (Engelmann et al., 2008; Wiludda et al., 2012) . Despite the phylogenetic distance
79
between the Brassicaceae and the Asteraceae the GLDPA promoter from F. trinervia is able to 80 generate BS-specific activity in C 3 A. thaliana (Engelmann et al., 2008; Wiludda et al., 2012 
92
However, our understanding of how gene expression is restricted to the BS in C 3 species is poor.
93
A small number of promoters including SHORT-ROOT (Dhondt et al., 2010) finding is that a common transcription factor is shared by these phylogenetically dispersed species,
109
and that it functions in both the C 3 and C 4 BS.
111 6
Results
112
Nucleotides -2815 to +123 relative to the predicted SULTR2;2 translational start site have
113
previously been reported to generate expression in the BS of A. thaliana (Takahashi et al., 2000) .
114
We confirmed this finding ( Figure 1A -C). To test if sequence after the predicted start codon is 115 required for expression in the BS a construct that terminated at nucleotide -1 relative to the predicted 116 translational start was generated ( Figure 1D ). Staining showed that each construct led to strong 117 accumulation of GUS in the BS of mature rosette leaves ( Figure 1B 
144
The lack GUS accumulation in the BS and loss of promoter activity once region 2 is removed 145 could be because this region contains cis-elements that generate expression specifically in BS cells
146
or because it drives ubiquitous expression but regions 3 to 5 contain elements that restrict activity to 
173
To better understand the extent to which cis-elements in this section of the promoter act 174 redundantly, larger deletions were made from position -2053 ( Figure 5A ). This generated five 
192
The cis-regulatory elements necessary for BS-specific expression of AtSULTR2;2 appear to be 
196
Alignments of sequences 5 kb upstream of each orthologue indicated that with the exception of A.
197
lyrata that contains a 446 nucleotide insertion, region 2 is highly conserved (Figure 6 ). However, no 9 short sequences or motifs within this sequence that may restrict expression to the BS could be 199 identified ( Figure 6 ). 
232
for strength of expression to be reduced. We therefore propose that either multiple independent BS 233 modules contained within this region act additively, or that distinct quantitative elements are co-234 located, and at least partially overlapping with, cis-elements that determine this cell-specificity.
235
Redundancy of this sort has previously been reported for the promoter of Phenylalanine Ammonia
236
Lyase2 that drives xylem-specific expression in tobacco (Leyva et al., 1992; Hatton et al., 1995) 
484
The level of similarity is also indicated on top of the alignment. High peaks in green mark strong 485 similarity, low red peaks poor similarity. 
